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INTRODUCTION
For t h e l a s t f o u r o r f i v e y e a r s we have been concerned w i t h t h e d i f f e r e n c e i n aggregating p r o p e r t i e s of s i c k l e -c e l l hemoglobin (HbS) and i t s normal human c o u n t e r p a r t , HbA. This work was i n i t i a l l y t h e r e s u l t of our p a r t i a l l y s u c c e s s f u l e ff o r t t o c o r r e l a t e t h e pH s t a b i l i t y f u n c t i o n s of v a r i o u s forms of hemoglobins w i t h t h e l i g a n d
s a t t a c h e d t o them, l a t e r ex tended t o an attempt t o determine t h e e f f e c t of i n d i v i d u a l amino-acid s u b s t i t u t i o n s . I n t h i s work we took advantage of t h e c l o s e resemblance of t h e hemoglobin o f humans t o t h a t of Rhesus monkeys (12 amino-acid s u b s t i t u t i o n s ) and t h e s m a l l e r resemblance t o t h a t of t h e horse (over 60 amino-acid s u b s t i t ut i o n s ) .l I t became e v i d e n t t h a t d e f i n i t i v e r e s u l t s would r eq u i r e working s y s t e m a t i c a l l y with s p e c i e s t h a t d i f f e r e d i n f a r fewer amino-acid l o c a t i o n s .
The g o r i l l a i s such a s p e c i e s (n = 1 ) . Far more d i v e r s i f i e d and a c c e s s i b l e a r e t h e l a r g e number of huma,l mutant hemoglobins, i n c l u d i n g t h e most p l e n t if u l one of a l l , HbS.
Having q u i c k l y l e a r n e d t h a t t h e r e were only small d i f f e rences i n s t a b i l i t y between t h e v a r i o u s liganded forms of HbA and HbS, even although t h e apoproteins do show a s u b s t a n t i a l d i f f e r e n c e , we t u r n e d t o a t t e m p t i n g t o understand why t h e deoxy form of S had t h e unique p o t e n t i a l i t y of forming g e l s . Our g e n e r a l p l a n was t o study t h e e f f e c t s of v a r i o u s environmental parameters on such cogent p r o p e r t i e s a s v i s c o s i t y , l i g h t -s c a t t e r i n g , s o l u b i l i t y , and e l e c t r i c a l b i r e f r i n g e n c e of t h e two hemoglobins i n pure form, w i t h t h e i n t e n t i o n of l a t e r studying t h e s e same p r o p e r t i e s i n mixtures.
I t was hoped t h e a p p l i c a t i o n t o such d a t a of models taken from t h e p h y s i c a l chemistry of h i g h polymers would i l l u m i n a t e t h e n a t u r e of t h e g e l l i n g p r o c e s s , and e x p l a i n why a s i n g l e amino-acid s u b s t i t ut i o n i n each of t h e two P s u b u n i t s could produce t h i s e f f e c t .
The p h y s i c a l methods we emphasized a r e :
1. Changes o f v i s c o s i t y w i t h time ( i n f e r e n c e s on s i z e and , shape).
2. Changes i n l i g h t -s c a t t e r i n g w i t h time and a t e q u i l ibrium ( f o r i n f e r e n c e s p r i m a r i l y on p a r t i c l e s i z e ) .
3.
Changes i n t h e r e l a x a t i o n of e l e c t r i c b i r e f r i n g e n c e (Kerr c o n s t a n t s and r e t a r d a t i o n s f o r r o t a t i o n a l d i f f u s i o n cons t a n t s ) .
4. The s o l u b i l i t y s t u d i e s r e f e r r e d t o above.
here a r e wide d i f f e r e n c e s , both i n kinetic and i n e q u i librium r e l a t i o n s t o pH, among t h e hemoglobins o f t h e s e species.
A l l of t h e above measurements were c a r r i e d o u t over a wide range of temperature and a t t o t a l c o n c e n t r a t i o n s of hemoglobin up t o 2 5 weight p e r c e n t .
I n t h i s p r e s e n t a t i o n we wish t o d e s c r i b e o u r most r e c e n t a c c u r a t e r e d e t e r m i n a t i o n of t h e time-dependent v i s c o s i t y changes, and a l s o t h e r e s u l t s of o u r s o l u b i l i t y measurements, e s p e c i a l l y t h o s e i n which mixtures of deoxyHbS and nongelling hemoglobins a r e c o -c r y s t a l l i z e d .
W e merely mention i n p a s s i n g our l i g h t -s c a t t e r i n g work which l e a d t o t h e demonstration of deoxyHbS c r y s t a l l i z a t i o n and i t s r a t e dependence, because a l l our s o l u b i l i t y work has been c a r r i e d o u t on c r y s t a l s . F i g u r e s 1 and 2 show t h e c r y s t a l s . Those i n t e r e s t e d w i l l f i n d t h e experimental d e t a i l s and a t h e o r e t i c a l t r e a t m e n t of t h e crys t a l l i z a t i o n k i n e t i c s elsewhere (1).
Three y e a r s ago we ( 2 ) described k i n e t i c a s p e c t s of t h e aggregation p r o c e s s i n which deoxyHbS molecules a r e converted i n t o g e l s .
S o l u t i o n s of deoxyHbS which were only s l i g h t l y below t h e u s u a l l y measured "minimum g e l l i n g c o n c e n t r a t i o n (MGC)" were observed t o r e q u i r e " l a t e n t p e r i o d s " of between minutes t o 14 hours, depending on t h e c o n c e n t r a t i o n and tempe r a t u r e .
The dependence of t h e d u r a t i o n of t h e l a t e n t p e r i o d on temperature y i e l d e d an apparent a c t i v a t i o n energy of over 60 kcal/mole and a dependence on t h e 4 t h ( o r g r e a t e r ) power of t h e c o n c e n t r a t i o n . During t h e l a t e n t p e r i o d , no change i n v i s c o s i t y could be d e t e c t e d p r i o r t o t h e r a p i d i n c r e a s e i n v i s c o s i t y when g e l a t i o n f i n a l l y occurred.
The e x i s t e n c e of t h e l a t e n t p e r i o d has subsequently been v e r i f i e d by a number of i n v e s t i g a t o r s , using v a r i o u s techniques. Moffat and Gibson ( 3 ) used t u r b i d i t y measurements t o observe a l a t e n t p e r i o d which was found t o depend on t h e 1 5 t h power of t h e deoxyHbS c o n c e n t r a t i o n when IHP was p r e s e n t .
H o f r i c h t e r e t a l . ( 4 ) u t i l i z e d changes i n o p t i c a l b i r e f r i ngence and c a l o r i m e t r y t o d e t e c t a v a r i a b l e l a t e n t p e r i o d pro--p o r t i o n a l t o t h e 33rd power of t h e deoxyHbS c o n c e n t r a t i o n and which depended on temperature i n accordance w i t h an a c t i v a t i o n energy of 90 kcal/mole.
The c a l o r i m e t r i c work y i e l d e d a h e a t -of polymerization of about 4 kcal/mole ( 5 ) . I n a d d i t i o n , Eaton e t a l . ( 6 ) concluded t h a t e s s e n t i a l l y p a r a l l e l r e s u l t s were o b t a i n e d when g e l a t i o n was s t u d i e d by changes i n a number of o t h e r p r o p e r t i e s .
A r e c e n t viscometric s t u d y of t h e l a t e n t p e r i o d preceding g e l a t i o n was r e p o r t e d by H a r r i s and Bensusan ( 7 ) . However, s i n c e t h e i r l a t e n t p e r i o d s were found t o be s h e a r -r a t e dependent i n t h e range of t h e i r i n s t r u m e n t a l c a p a b i l i t i e s , only q u a l i t a t i v e r e s u l t s were discussed.
I n a l l of our subsequent work both HbS and HbA h a v e u s u a l l y been prepared from t h e blood of s i n g l e heterozygous donors by a s l i g h t m o d i f i c a t i o n of t h e chromatographic method ofWilliams (pH 7 . 0 ) w i t h 5 mM I H P a n d 5 mM EDTA.
FIGURE 1. C r y s t a l s f r o m a s t i r r e d s o l u t i o n o f deoxyHbS a t a t o t a l c o n c e n t r a t i o n o f 17 g / d l f o r m e d a n d k e p t a t 2 3 O~
( u p p e r p h o t o g r a p h ) . S o l v e n t : 0 . 1 p h o s p h a t e b u f f e r
Lower p h o t o g r a p h : same f i e l d v i e w e d b e t w e e n c r o s s e d p o l a r i z e r s .
FIGURE 2. C r y s t a l s o f deoxyHbS, t h r e e weeks a f t e r format i o n (by s t i r r i n g f o r 2 hours) a t 2 3 '~. Solvent was d i s t i l l e d water.
e t a l . ( 8 ) , h i g h l y e f f e c t i v e i n removing o t h e r i m p u r i t i e s such a s HbF, and i n " s t r i p p i n g " t h e hemoglobin of phosphates and metabolites.
W e ( 9 ) have extended and r e f i n e d t h e experiments of Malfa and S t e i n h a r d t ( 2 ) w i t h a very low s h e a r viscometer so t h a t i n t e r p r e t a t i o n of t h e d a t a avoids an important source of ambig u i t y . The h i g h e r s e n s i t i v i t y of t h e new viscometer-densimeter employed h a s been e x p l o i t e d t o d e t e c t t h e presence of i n t e r m e d i a t e s t a g e s of aggregation d u r i n g t h e l a t e n t p e r i o d .
TIME-DEPENDENT VISCOSITY CHANGES
Measurement o f S o l u t i o n V i s c o s i t y
Viscosities were measured in a specially constructed modification of the magnetic suspension, coaxial-cylinder rotational viscometer described by Hodgins and Beams (10) . This apparatus is capable of measuring the viscosity of protein solutions to a precision of 0.1% at shear stresses as low as 3 x dynes/cm2 provided by another magnetic field. It is described in detail by Kowalczykowski (11) . The r e l a t i v e visc o s i t y was determined by dividing the time per revolution in the protein solution by the time per revolution in the solvent.
The instrument also measures solution densities to a precision of 1 part in lo5 by calibrating the voltage across the support coil with solutions of known density at rigidly controlled temperatures.
Solutions were deoxygenated by passage of humidified helium, followed by addition of sodium dithionite as an oxygen scavenger.
The hemoglobin solutions were filtered into the viscometer through 0.2 u Nucleopore filters. All manipulations were performed at approximately OOC to prevent premature aggregation of the HbS.
R a t e M e a s u r e m e n t s
Gelation was initiated by rapidly raising the temperature from 3. ~O C to the desired higher temperature. Two to three minutes were required to bring the viscometer to temperature equilibrium at each change. Viscosity and solution density were simultaneously recorded as a function of time until just after the gel point (infinite apparent viscosity). Melting (cooling) curves were obtained by rapidly dropping the temper-* ature back to 3.5O~.
The degree of deoxygenation was determined spectrophotometrically after each experiment. The total hemoglobin concentration was determined by converting to cyanornethemoglobin with Drabkins' reagent (13) and applying an extinction coefficient of 11.0 mM-lcm-l at 540 nm and a molecular weight of 16,110 daltons per heme group (14).
a . V i s c o s i t y vs. Time P r o f i l e s . Early attempts to use a
Zimm-Crothers floating rotor viscometer (Beckman Instrument Co.) were abandoned when it was found that an apparent
2~h e u s e o f a s c o r b a t e i n p l a c e o f d i t h i o n i t e h a s b e e n d e s c r i b e d ( 1 2 ) .
i r r e v e r s i b l e g r a d u a l i n c r e a s e i n v i s c o s i t y occurred i n solut i o n s of b o t h oxy-and deoxy-hemoglobin (both A and S t y p e s ) .
The i n c r e a s e could be temporarily e l i m i n a t e d by simply s t i r r i n g t h e s o l u t i o n .
These observations, and others, l e d t o t h e conclusion t h a t r i g i d f i l m s o f denatured p r o t e i n were formed a t t h e s u r f a c e . By completely submerging t h e r o t o r i n t h e hemoglobin s o l u t i o n by means of a s e l f -r e g u l a t i n g magnetic f i e l d t h e e f f e c t of s u r f a c e f i l m s was completely e l i m i n a t e d .
When t h e v i s c o s i t y of s o l u t i o n s of e i t h e r oxy-o r deoxyHbA i n c o n c e n t r a t i o n s up t o 20 gm % i s continuously recorded, no d e t e c t a b l e change o c c u r s over p e r i o d s of up t o s i x hours. S i m i l a r l y , w i t h s o l u t i o n s of oxyWS (up t o 2 0 gm % ) and with s o l u t i o n s of deoxyHbS below t h e c o n c e n t r a t i o n r e p r e s e n t i n g t h e s o l u b i l i t y of deoxyHbS c r y s t a l s o r g e l s a s determined by Pumphrey and S t e i n h a r d t (1) and by Magdoff-Fairchild e t a l . (151, no change i n t h e s o l u t i o n v i s c o s i t y occurs. However, when t h e s o l u b i l i t y l i m i t s of deoxyHbS a r e exceeded, r e s u l t s t y p i c a l of t h o s e shown i n Figure 3 a r e obtained. S o l u t i o n s of deoxyHbS of t h e i n d i c a t e d c o n c e n t r a t i o n s have been r a p i d l y brought from 3 . 5 O~ t o 2 7 . 2 0°c ; t h e times i n d i c a t e d a r e measured from t h e temperature jump. I n a l l c a s e s , t h e k i n e t i c curves ( v i s c o s i t y / t i m e ) c o n s i s t of two s e p a r a t e s t a g e s : f i r s t , a l a t e n t p e r i o d of v a r i a b l e d u r a t i o n (ranging from minutes t o a t l e a s t 15 hours) which i s h i g h l y dependent on both t h e deoxyHbS c o n c e n t r a t i o n and t h e temperature.
During t h i s l at e n t p e r i o d , t h e r e i s a s i g n i f i c a n t gradual i n c r e a s e i n v i sc o s i t y which i s apparent almost immediately a f t e r t h e temperat u r e i s r a i s e d . The l a t e n t p e r i o d i s followed by a s t a g e i n which t h e v i s c o s i t y i n c r e a s e s very a b r u p t l y w i t h i n a r e l a t i v el y s h o r t time ( m i n u t e s ) , r e s u l t i n g i n t h e formation of a g e l which p r e v e n t s t h e r o t o r from t u r n i n g . A more gradual second s t a g e i s observed i n s o l u t i o n s with longer l a t e n t p e r i o d s . I f t h e temperature of a s o l u t i o n which has g e l l e d i s subsequently dropped t o 3 . 5 O~, a c o o l i n g curve (Figure 4 ) i s obt a i n e d .
Rotation o f t h e r o t o r resumes a f t e r p a r t i a l melting of t h e g e l . The v i s c o s i t y drops r a p i d l y a t f i r s t and then continues t o decrease s l i g h t l y f o r a p e r i o d o f 4-6 hours bef o r e l e v e l i n g o f f .
The l e n g t h of time r e q u i r e d i s longer f o r g e l l e d s o l u t i o n s which have been k e p t f o r longer times a t higher temperatures. Time (min.)
b. C o n c e n t r a t i o n and T e m p e r a t u r e Dependence i n the P r e s e n c e o f IHP.
I f t h e r e c i p r o c a l l e n g t h of t h e l a t e n t period i s assumed t o r e p r e s e n t t h e r a t e of aggregation o r o t h e r underlying p r o c e s s , a s proposed by Malfa and S t e i n h a r d t (21, then t h e r a t e i s r e a d i l y measured s i n c e t h e l e n g t h of t h e l at e n t p e r i o d may be unambiguously determined a s t h e time
FIGURE 3. The r e l a t i v e v i s c o s i t y vs. t i m e p r o f i l e s f o r the g e l a t i o n of three d e o x y h e m o g l o b i n S s o l u t i o n s o f the i n d ic a t e d c o n c e n t r a t i o n s . T h e t i m e i n d i c a t e d i s the t i m e a f t e r the t e m p e r a t u r e h a s b e e n r a p i d l y c h a n g e d f r o m 3 . 5 '~ t o 2 7 . 2 0 '~.
A t the e n d p o i n t r o t a t i o n o f t h e r o t o r was p r e v e n t e d b y the f o r m a t i o n o f g e l .
T 
h e b u f f e r e m p l o y e d was s o d i u m p h o s p h a t e , pH 7 . 0 , i o n i c s t r e n g t h 0 . 1 , c o n t a i n i n g 5 mM i n o s i t o l h e x a p h o sp h a t e ( I H P ) , 5 mM EDTA, a n d a p p r o x i m a t e l y 0 . 0 5 M s o d i u m d i t h io n i t e . r e q u i r e d f o r i m m o b i l i z a t i o n o f t h e r o t o r : t h e r o t o r w i l l a l w a y s be i m m o b i l i z e d a t a g i v e n v i s c o s i t y w h i c h r e p r e s e n t s a f i x e d amount o f a g g r e g a t e . T h e d e p e n d e n c e o f the d u r a t i o n o f t h e l a t e n t p e r i o d o n t h e H b S c o n c e n t r a t i o n i s d e m o n s t r a t e d i n F i g u r e 5 . T h e s l o p e shown s p e c i f i e s t h e f o r m a l o r d e r o f the r e a c t i o n ; 3 3 . 2 + 6 b y means o f a l i n e a r l e a s t s q u a r e s fit o f t h e d a t a . When c r ys t a l s a r e f o r m e d , i n s t e a d o f g e l s , a 1 5 t h power d e p e n d e n c e o f r a t e o n c o n c e n t r a t i o n p r e v a i l s ( 1 ) . However, t w o d i f f e r e n t m e a s u r e s o f r a t e a r e i n v o l v e d i n t h i s c o m p a r i s o n . T h e d e p e n d e n c e o f t h e l a t e n t p e r i o d on t e m p e r a t u r e a t a c o n s t a n t h e m o g l o b i n c o n c e n t r a t i o n i s i l l u s t r a t e d i n F i g u r e 6 . T h i s A r r h e n i u s p l o t shows a n e x t r a o r d i n a r i l y h i g h d e p e n d e n c e o n t e m p e r a t u r e , y i e l d i n g a n a c t i v a t i o n e n e r g y o f 96 5 1 0 k c a l / m o l e . Purnphrey and S t e i n h a r d t (1) found t h a t a s i m i l a r l y h i g h
C o o l i n g c u r v e o b t a i n e d b y d r o p p i n g t e m p e r a t u r e o f a s o l u t i o n w h i c h h a s g e l l e d a t 2 7 . 2 0~~ t o 3 . 5 O~. T h e hemog l o b i n S c o n c e n t r a t i o n was 16.4% a n d the s o l v e n t was the same a s i n d i c a t e d i n F i g u r e 3 .
a c t i v a t i o n energy, about 80 kcal/mole, appeared a t low tempe r a t u r e when they formed HbS c r y s t a l s r a t h e r than g e l s .
A t higher temperatures much s m a l l e r e f f e c t s were found.
c. C o n c e n t r a t i o n a n d T e m p e r a t u r e Dependence i n t h e A b s e n c e o f IHP. When i n o s i t o l hexaphosphate (IHP) i s omitted from t h e b u f f e r s o l u t i o n , q u a l i t a t i v e l y s i m i l a r k i n e t i c s of g e l a t i o n a r e observed.
However, t h e l a t e n t p e r i o d i s approximately 30 times longer i n t h e absence of IHP than i n i t s presence, when a l l o t h e r c o n d i t i o n s a r e t h e same.
A p l o t of l o g r e c i p r o c a l l a t e n t p e r i o d a g a i n s t l o g [ w~s ]
( Figure 7) has a s l o p e of 26 + 6 a t 27.20°. An A r r h e n i u s p l o t of t h e temperature dependence a t 20.7 gm/percent i n t h e absence of IHP i s shown i n F i g u r e 8.
The p l o t i s non-linear; t h e s l o p e a t t h e high temperature end of t h e curve y i e l d s an a c t i v a t i o n energy of about 200 kcal/mole, while a t t h e low temperature end of t h e curve, an a c t i v a t i o n energy of 100 kcal/mole i s obtained. When c r y s t a l s a r e formed, i n t h e p r esence of IHP a n o t h e r non-linear Arrhenius p l o t i s obtained (1) b u t t h e c u r v a t u r e i s of o p p o s i t e s i g n ; it i s p o s s i b l e t h a t s t i r r i n g r e s u l t s i n changing t h e r a t e -l i m i t i n g s t e p i n t h e agg r e g a t i o n process.
d . R e s u l t s w i t h T r i s B u f f e r .
When a b u f f e r system cont a i n i n g 0 . 1 i o n i c s t r e n g t h T r i s b u f f e r was s u b s t i t u t e d f o r phosphate e f f o r t s t o induce g e l a t i o n i n s o l u t i o n s of up t o Log concentration HbS (gm%) FIGURE 
5.
L o g -l o g p l o t s h o w i n g the c o n c e n t r a t i o n d e p e nd e n c e o f the l a t e n t p e r i o d a t 2 7 .~0~~. T h e b u f f e r u s e d w a s 0 . 1 ionic s t r e n g t h p h o s p h a t e b u f f e r , pH 7.0 w i t h 5 mM I H P , 5 mM EDTA, a n d a b o u t 0.05 M s o d i u m d i t h i o n i t e . A l e a s t -s q u a r e s f i t o f the d a t a y i e l d e d a s t r a i g h t l i n e , y = 33.2X, w i t h a c o r r e l a t i o n c o e f f i c i e n t o f 0.995.
20 gm % deoxyHbS f a i l e d . S t i r r i n g a l s o f a i l e d t o induce gelat i o n o r c r y s t a l l i z a t i o n . The i n h i b i t i o n o f g e l a t i o n by T r i s b u f f e r h a s been observed i n s e v e r a l l a b o r a t o r i e s , i n c l u d i n g our own ( e . g . , s e e Freedman e t a l .
[16]) . However, when 5 mM IHP i s added t o t h i s T r i s b u f f e r system, g e l a t i o n of t h e deoxyHbS i s again observed, and t h e k i n e t i c s of g e l a t i o n a r e similar t o t h o s e i n t h e phosphate b u f f e r system. The l e n g t h of t h e l a t e n t p e r i o d , however, i s now about 40 t i m e s l o n g e r t h a n when phosphate b u f f e r p l u s I H P i s employed. The
FIGURE 6 . A r r h e n i u s p l o t o f the t e m p e r a t u r e d e p e n d e n c e o f the l a t e n t p e r i o d a t a h e m o g l o b i n S c o n c e n t r a t i o n o f 15.7 gm %.
T h e b u f f e r s y s t e m d e s c r i b e d i n F i g u r e 5 was e m p l o y e d . A -l e a s t -s q u a r e s f i t of the d a t a y i e l d s the s t r a i g h t l i n e , y =
x 104x + 6 1 . 5 , w i t h a c o r r e l a t i o n c o e f f i c i e n t o f 0.989.
c o n c e n t r a t i o n dependence of t h e l a t e n t p e r i o d i s a g a i n l a r g e , i n v e r s e l y p r o p o r t i o n a l t o about t h e 25th power of HbS concent r a t i o n .
e . D e n s i t y M e a s u r e m e n t s .
Within experimental e r r o r , t h e r e i s no d e t e c t a b l e change i n d e n s i t y on g e l a t i o n a t any temperat u r e , hemoglobin c o n c e n t r a t i o n o r s o l v e n t composition. Any volume change upon aggregation cannot exceed 1 p a r t i n 10,000.
The high s e n s i t i v i t y o f t h e r o t a t i o n a l viscometer p e r m i t s t h e d e t e c t i o n of a g r a d u a l i n c r e a s e i n v i s c o s i t y during t h e l a t e n t p e r i o d which i s never observed i n s o l u t i o n s which do n o t u l t i m a t e l y g e l . The g r a d u a l , r e p r o d u c i b l e i n c r e a s e i n LOG I)lb S] (gm%) FIGURE 
. Log-1 o g p l o t showing t h e c o n c e n t r a t i o n dependence o f t h e l a t e n t p e r i o d a t 27. 20°c i n t h e a b s e n c e o f IHP.
The same b u f f e r s y s t e m employed i n F i g u r e 5 was used e x c e p t t h a t t h e I H P was o m i t t e d . A l e a s t -s q u a r e s f i t o f t h e d a t a res u l t e d i n the s t r a i g h t l i n e , y = 2 6 . 3~ -25.73, w i t h a correl a t i o n c o e f f i c i e n t o f 0 . 9 9 9 .
v i s c o s i t y d u r i n g t h e l a t e n t p e r i o d shows t h a t i n t e r m e d i a t e s a r e formed throughout t h i s p e r i o d ; t h u s , aggregates must be forming which p o s s e s s hydrodynamic asymmetry; e i t h e r t h e asymmetry o r volume f r a c t i o n , o r both, of t h e s e p a r t i c l e s changes w i t h time.
Since t h e v i s c o s i t y i s p a r t i c u l a r l y a f f e c t e d by a g g r e g a t e s of high a x i a l r a t i o s , and s i n c e no o t h e r technique ( o p t i c a l b i r e f r i n g e n c e , c a l o r i m e t r y , t u r b i d i t y o r NMR) has det e c t e d any s i g n i f i c a n t changes d u r i n g t h e l a t e n t p e r i o d , we conclude t h a t t h e r e i s a g r a d u a l i n c r e a s e i n t h e c o n c e n t r a t i o n of a r e l a t i v e l y few h i g h l y asymmetric p a r t i c l e s , r a t h e r than an i n c r e a s e i n a much l a r g e r number of l e s s asymmetric aggregates. 
FIGURE 8 . ArsheniuSi p l o t o f the t e m p e r a t u r e d e p e n d e n c e o f the l a t e n t p e r i o d i n thq a b s e n c e o f INP a t a h e m o g l o b i n S oonc e n t r g t i o n o f 20.7 gm%. I T h e b u f f e r s y s t e m i s the same a s d es c r i b e d i n F i g u r e 5 e s c d p t t h a t the IHP was o m i t t e d . A f o r c e d l e a s t -s q u a r e s f i t o f the d a t a r e s u l t s i n the s t r a i g h t l i n e ,
I n t e r p r e t a t i o n
I
The e f s e c t s of tempelrature, c o n c e n t r a t i o n , and s o l v e n t composition can be underlstood i f t h e y a r e considered i n t h e c o n t e x t o f concepts emplloyed t o i n t e r p r e t t h e kinetics of
homogeneous n u c l e a t i o n o f s o l i d c r y s t a l s from s u p e r s a t u r a t e d s o l u t i o n s . H o f r i c h t e r e t a l . (4) used an analogous t h e o r y , t h a t of t h e condensation of water d r o p l e t s from s a t u r a t e d water vapor, t o i n t e r p r e t t h e i r r e s u l t s . The homogeneous nuc l e a t i o n t h e o r y proposes t h a t t h e r e a r e two s e p a r a t e k i n e t i c events:
a slow, thermodynamically unfavorable n u c l e a t i o n s t e p during which a nucleus grows by t h e stepwise a d d i t i o n of monomers t o form a c r i t i c a l nucleus of s i z e n . Once t h e c r i t i c a l nucleus composed of n monomers i s formed, subsequent r a p i d a d d i t i o n of monomer occurs stepwise through a s e r i e s of l a r g e r and l a r g e r a g g r e g a t e s , t h e formation of which i s thermodynam i c a l l y favored. Mullin (17) 
has demonstrated t h a t t h e f r e e energy d i f f e r e n c e between a s o l i d aggregate and t h e s o l u t e i n s o l u t i o n has a maximum value a t n . The s i z e of t h e c r i t i c a l nucleus i s given by: where a i s t h e i n t e r f a c i a l s u r f a c e t e n s i o n , V i s t h e molecular volume, T i s t h e a b s o l u t e temperature, and S i s t h e supersatur a t i o n r a t i o ; t h e l a t t e r i s d e f i n e d a s S = c/ce where c i s t h e t o t a l s o l u t e c o n c e n t r a t i o n and ce i s t h e e q u i l i b r i u m s o l u t i o n c o n c e n t r a t i o n ( s o l u b i l i t y ) . Thus, t h e r e e x i s t s an i n i t i a l f r e e energy b a r r i e r t o n u c l e a t i o n , and t o t h e subsequent growth phase .
This e x p r e s s i o n does not p r e d i c t t h e e x i s t e n c e of a l a t e n t o r i n d u c t i o n p e r i o d . However, when one i n t r o d u c e s t h e c o n d i t i o n t h a t t h e approach t o a s t e a d y -s t a t e i s slow, an i n d u c t i o n p e r i o d becomes apparent ( 1 8 ) . The r e s u l t i n g complex express i o n f o r t h e n u c l e a t i o n r a t e c o n t a i n s an a d d i t i o n a l term, T , r e f e r r e d t o by Toschev (18) a s an i n d u c t i o n time o r non-stat i o n a r y time l a g . This time l a g r e p r e s e n t s t h e time r e q u i r e d by t h e system t o achieve a s t e a d y -s t a t e d i s t r i b u t i o n of c l u s -. t e r s by s i z e ; d u r i n g t h i s time p e r i o d t h e p r o b a b i l i t y of f o rmation of a c r i t i c a l -s i z e d nucleus i s v e r y low. Consequently, t h e o v e r a l l r a t e of aggregation i s low during t h i s time p e r i o d and i s l i m i t e d by t h e time r e q u i r e d t o achieve t h e steadys t a t e . Thus, t h e r e s u l t i n g l a t e n t p e r i o d , T , i s e s s e n t i a l l y t h e time r e q u i r e d f o r n u c l e a t i o n , i -e . , appearance of s t a b l e nuc l e i of s i z e n and, t h e r e f o r e , i s p r o p o r t i o n a l t o t h e r e c i p r oc a l of t h e r a t e of n u c l e a t i o n , J-I. The s u b s t i t u t i o n of T-1 for J i n e x p r e s s i o n 2 r e s u l t s i n t h e following p r o p o r t i o n a l i t y :
Phase Transidons 
i c t s t h a t a l o g ( T ) v s ( l o g s ) -~ p l o t should y i e l d a s t r a i g h t l i n e . T h i s p r e d i c t i o n i s t e s t e d by Figure 9 , i n which t h e l o g o f t h e l a t e n t p e r i o d i s p l o t t e d a g a i n s t ( l o g ~) -2 .
The value @f e, used f o r the e q u i 1 i b~i . m *RbS . s o l u b i l i k y w a s q b t a i n e d from Pumphrey and S t e i n h a r d t (1) and was confirmed by l a t e r work.
1000,:
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FIGURE 9 . Log o f the r e c i p r o c a l l a t e n t p e r i o d v e r s u s ( l o g s ) -~. A v a l u e of 9.5 gzn% was used f o r ce = [ H~s ] , . Temperat u r e i s 27. 20°c an& the' Buffer s y s t e m is that described i n F i g u r e 5. A l i n e a r l e a s t -s q u a r e s fit o f t h e d a t a y i e l d t h e I j n e , y = .33x -2.95, w i t h a c o r r e l a t i o n c o e f f i c i e n t o f 0.999.
The approximate s i z e of t h e c r i t i c a l nucleus ( n ) can be obtained from equation 4:
where n i s t h e s i z e of t h e c r i t i c a l nucleus which depends on t h e observed l i n e a r i t y of t h e l o g J p l o t t e d a g a i n s t l o g c (19).
Thus, t h e s l o p e of t h e l o g r e c i p r o c a l l a t e n t p e r i o d v s l o g [ H~s ] p l o t y i e l d s t h e s i z e of t h e c r i t i c a l nucleus, which,
from F i g u r e s 6, 7 , and 9 , i s 33 + 6 and 26 t 6 f o r s o l u t i o n s w i t h IHP and without, r e s p e c t i v e l y .
So, a nucleus c o n s i s t i n g of approximately 30 hemoglobin S molecules, a r i s i n g from t h e stepwise a d d i t i o n of monomers t o t h e growing c l u s t e r , must form b e f o r e t h e r a p i d growth phase can commence. I n drawing t h i s conclusion, no allowance has been made f o r p o s s i b l e e ff e c t s a t t r i b u t a b l e t o t h e n o n -i d e a l i t y of concentrated p r o t e i n s o l u t i o n s . The temperature dependence of t h e l a t e n t p e r i o d y i e l d s an a c t i v a t i o n energy which r e p r e s e n t s t h e energy b a r r i e r t o t h e formation of t h e c r i t i c a l nucleus (equation 1 ) . The v a l u e s of
A E a r e 96 + 1 0 kcal/mole f o r s o l u t i o n s c o n t a i n i n g IHP and 125 + 10 kcal/mole f o r s o l u t i o n s without IHP.
The apparent discrepency w i t h t h e t u r b i d i t y study of Moffat and Gibson ( 3 ) who obtained a much lower v a l u e , 1 5 , f o r n , appears t o be due t o t h e f a c t t h a t t h e s e i n v e s t i g a t o r s def i n e d t h e l a t e n t p e r i o d a s t h e time f o r one-half of t h e t o t a l o p t i c a l d e n s i t y change t o occur. Oosawa and Asakura (20) have shown t h a t t h e i n i t i a l r a t e of polymerization i s p r o p o r t i o n a l t o t h e nth power of t h e t o t a l c o n c e n t r a t i o n , b u t t h a t t h e half-time of polymerization i s i n v e r s e l y p r o p o r t i o n a l t o t h e ( 4 2 ) power of t h e c o n c e n t r a t i o n .
A
comparison w i t h t h e study of Pumphrey and S t e i n h a r d t (1) cannot be made s i n c e , i n t h e i r s t u d i e s , t h e s o l u t i o n s were s t i r r e d , which r e s u l t e d i n c r y s t a l l i z a t i o n and i n much s h o r t e r l a t e n t p e r i o d s . These a u t h o r s have proposed t h a t t h e r a t e of aggregation i n s t i r r e d s o l u t i o n s i s n o t determined s o l e l y by a n u c l e a t i o n r a t e b u t a l s o by t h e r a t e of formation of secondary n u c l e i t h a t r e s u l t from t h e s h e a r i n g of t h e aggregates a l r e a d y i n s o l u t i o n .
Nucleation t h e o r y e x p l a i n s t h e observed decrease i n l a t e n t p e r i o d , a t f i x e d hemoglobin c o n c e n t r a t i o n , when IHP i s present. Equation 2 shows t h a t , a t c o n s t a n t temperature, t h e r a t e of n u c l e a t i o n depends on t h e s u p e r s a t u r a t i o n r a t i o and on t h e i n t e r f a c i a l s u r f a c e t e n s i o n .
Thus, i n t h e presence of I H P , e i t h e r t h e s u p e r s a t u r a t i o n r a t i o i s higher and/or t h e s u r f a c e t e n s i o n is lower t h a n without IHP. Both a l t e r n a t i v e s appear t o p l a y a p a r t i n t h e e f f e c t .
The molecular basis of the inhibition of gelation by Tris buffer is unknown. Since gelation with Tris present in the absence of IHP is not possible, Tris obviously affects the solubility of HbS. Even in the presence of saturating levels of IHP the latent period is longer in Tris than in phosphate buffer; thus IHP is not capable of completely reversing the inhibitory effects of Tris.
Finally, since no changes in solution density were detected during gelation, only an upper limit on the volume change can be determined. Based on the density sensitivity of our apparatus and a deoxyHbS solubility of 9.5 gm percent at 27.20°c, it is calculated that a 60 cc/mole volume change would be detected in a 5 ml sample of 19.5 gm % HbS, if 50% of the available hemoglobin had aggregated. We note, for comparison, that the volume change for the polymerization of flagellin is 150 to 300 cc/mole (22) and about 160 cc/mole for the polymerization of tobacco mosaic virus (23).
Kauzman (24) and others have shown that the volume change of protein reactions arises largely from changes in the structure of the solvent, since the protein is less compressible. Studies on model compounds have shown that the volume change associated with the formation of a hydrophobic bond is about +20 cc/mole. If one makes the simple assumption that all of the AV of aggregation is due entirely to hydrophobic bonding, 2-3 "bonds" would form per tetramer. This simple assumption does not take into account possible offsetting effects such as changes in the electrostriction of the solvent.
In conclusion, the kinetic results obtained with HbS gelation, as measured by changes in viscosity, are consistent with a mechanism of homogeneous nucleation from supersaturated solutions. The apparent biphasic nature of the viscosity-time profiles results from the slow approach to steady-state conditions. The latent period represents the time during which the critical nucleus is built-up; only a small number of asymmetric critical nuclei capable of rapid growth into large aggregates are present. For example, the 10% change in viscosity during the latent period can be accounted for by only a 0.1% volume fraction of aggregates which have the dimensions of a HbS microtubule (25). The change to a very rapid increase in viscosity represents the point at which steady-state conditions have been achieved and the rate of production of nuclei is at a maximum. The viscosity rises sharply due to an increase in volume-fraction of aggregate as well as by an increasing contribution from higher order terms in concentration in the viscosity-concentration equations. Consistent quantitative application of this model of gelation serves to explain many of the phenomena related to gelling.
SOLUBILITY EXPERIMENTS
Our preoccupation with solubility determinations derives, in part, from a conviction that in equilibrium systems, the "MGC" of gels and their solubilities are identical, and that the well-defined solubilities of our crystals in water or dilute salt-solutions give a reliable and understandable basis for characterizing aggregating behavior.
Solubilities of crystals have been determined as a function of total HbS. Initially HbS solutions (in 0.1 u phosphate buffer, 5 mM IHP, 5 rnM EDTA, pH 7.0 at 23O~), ranging in concentration from 5 -20 g/dl, were deoxygenated, stirred until turbidity marked the onset of crystallization, gently rotated for 1 week at 2 3 O~ and then centrifuged to pellet the crystalline mass. Supernatants were then assayed as cyanmetHb.
When the concentration of HbS in the supernatants was plotted against total HbS concentration in the samples, a classic phase rule solubility was obtained (Figure 10 ). The solubility so determined was = 11.0 g/dl. Because these crystals of deoxysbs obey the Gibbs phase rule and because they are highly asymmetric, a simple turbidometric method readily yields the same solubility measurements. At any given temperature crystals are induced by gently T o t a l C o n c e n t r a t i o n ( g~d l )
FIGURE 1 0 . S o l u b i l i t y p l o t f o r deoxyHbS c r y s t a l l i z e d from s t i r r e d s o l u t i o n s a t 2 3 . 0~~. S o l v e n t : 0 . 1 u p h o s p h a t e buffer (pH 7 . 0 ) w i t h 5 m M I H P and 5 mM EDTA. 1 0 mM s o d i u m d i t h i o n i t e was added f o l l o w i n g d e o x y g e n a t i o n u n d e r n i t r o g e n .
Phase Transitions
FIGURE 1 1 . S o l u b i l i t y of deoxyHbS i n the p r e s e n c e o f IHP a t 2 2 . g 0 c a s d e t e r m i n e d b y t u r b i d o m e t r i c t e c h n i q u e . AOD630 r e p r e s e n L ? the e x c e s s t u r b i d i t y o b s e r v e d b e t w e e n the s u s p e n s i o n of c r y s t a l s o f deoxyHbS formed b y g e n t l e a g i t a t i o n and the same s a m p l e c h i l l e d t o d i s s o l v e the c r y s t a l s .
stirring initially cooler, therefore supsaturated, solutions of deoxyHbS. The suspension of crystals is anaerobically transferred to a spectrophotometric cell of 0.1 mm path length. The turbidity is measured at 630 nm. The HbS crystals are dissolved by immersing the cell in an ice bath. The extinction at 630 nm is again measured (see plot of typical raw data in Figure ll) , and the difference between the two measurements ( A~~~~-e x c e s s turbidity) is found to be directly proportional to the mass of suspended crystals (total initial mass minus -the mass of dissolved Hb) in the sample. That is, the amount of scattered light is not only theoretically (26,27) but empirically proportional to the amount of crystals present and is due directly to the size and shape of the crystals. Extrapolation of the excess turbidity to zero on a plot of vs total HbS concentration yields the solubility of crystalline HbS at that temperature.
The validity of this method of solubility determination for crystalline HbS was demonstrated at a single temperature (23'~, where a solubility of 10.8 f 0.2 g/dl was found in the presence of IHP). The method was then assumed to be valid at other temperatures in order to measure AH of crystallization (1). The new work confirms the validity of that assumption for other temperatures and also for solubility determinations in the absence of IHP. The agreement between the slopes at 
l temperatures i s evidence t h a t t h e d i s t r i b u t i o n of s i z e s and shapes of t h e c r y s t a l s formed i n t h e presence of IHP i s t h e same over t h a t range of temperatures.
The same p r o p o r t i o n a l i t y has been found a t f i v e temperat u r e s i n t h e absence of IHP.
The s o l u b i l i t y of c r y s t a l l i n e deoxyHbS i n t h e presence of IHP i s s l i g h t l y more than h a l f of t h e s o l u b i l i t y i n i t s absence. A d i r e c t comparison of t h e s e s o l u b i l i t i e s a t each temperature appears i n Table I .
Comparison of t h e s o l u b i l i t i e s of c r y s t a l l i n e HbS (without I H P ) and those determined f o r HbS g e l s i n t h e absence of IHP by shows t h e s o l u b i l i t y of HbS c r y s t a l s i s lower than t h a t of g e l s a t a l l temperatures s t ud i e d .
The d i f f e r e n c e i n s o l u b i l i t y between t h e two s t a t e s (21.8 g/dl f o r g e l ; 14.10 g/dl f o r c r y s t a l a t room temperature) i n t h e absence of IHP i s somewhat l a r g e r , however, than t h e d i f f e r e n c e i n s o l u b i l i t y between s t a t e s observed i n t h i s labo r a t o r y i n t h e presence of IHP (11.3 g/dl f o r g e l ; 8.25 g/dl f o r c r y s t a l s ) . Nevertheless, while such d a t a i n d i c a t e t h a t t h e c r y s t a l l i n e form of HbS i s thermodynamically more s t a b l e than t h e g e l , t h e i n c r e a s e i n s t a b i l i t y due t o t h e contribut i o n of long-range o r d e r i n t h e c r y s t a l s i s small i n both c a s e s . Table 11 , together with values for HbS crystallization in the presence of IHP.
FIGURE 1 2 . The r e l a t i o n s h i p b e t w e e n t h e s o l u b i l i t y o f deoxyHbS ( i n g / d l ) and t e m p e r a t u r e ( o v e r t h e r a n g e 1 5 . 7 '~ -
OC) i n t h e p r e s e n c e (--
AG is more negative the higher the temperature. The entropy change is independent of temperature. In arriving at these values the term (RT In Csolid) has been combined with the free energy ~h a n g e .~ No allowance for non-ideality has been made.
It should be possible, as earlier investigators have realized ( 2 8 -3 1 ) , to learn more about the structure of these crystals (or gels) from solubility measurements, if the crystals are induced to form from mixtures of deoxyHbS with other nonaggregating unliganded or liganded forms of hemoglobin (i.e., mixtures of solutions of deoxyHbS and deoxyHbA, or mixtures of deoxyHbS with metHbS or cyanmetHbS). It has long been known that the "minimum gelling concentration" is reduced when small progressively higher amounts of non-gelling forms (except HbF) are added to fixed amounts of deoxyHbS. This is clearly equivalent, in terms of our solubility concept, to a decreasing solubility of deoxyHbS in the presence of deoxyHbA or liganded HbS. (All the previous work with mixtures was done w i t h g e l s r a t h e r than c r y s t a l s . ) Observations of t h i s phenomenon have extended t o d e t e r m i n a t i o n s of t h e v a r i a b l e composit i o n of t h e g e l s a s t h e r a t i o s of t h e components of t h e mixt u r e s have been a l t e r e d (31,321. A presumption has been r a i s e d t h a t amino-acid p o s i t i o n s 73 and 121 i n t h e 6 c h a i n s a r e involved i n g e l l i n g (33-35); and t h a t o u t e r p o r t i o n s of t h e a c h a i n s may a l s o have an e f f e c t (36,371. Bunn (38) and S e v e r a l i n v e s t i g a t o r s have r e p o r t e d t h a t t h e presence o r absence of hybrids does not a f f e c t t h e MGC, b u t Moffat, who developed a method a s s i g n i n g "weights" t o t h e a g g r e g a t i n g t e n d e n c i e s of homogeneous and heterogeneous p a i r s of dimers from h i s mixture d a t a and t h a t of o t h e r s , claimed t h a t s i g n i f i c a n t d i f f e r e n c e s d i d e x i s t . Goldberg e t a l . (32) have suggested t h a t M o f f a t ' s d a t a d i d n o t repres e n t t h e a t t a i n m e n t of t r u e e q u i l i b r i a .
3~s i n g t h i s v a l u e o f AG i n c a l c u l a t i n g AS i s e q u i v a l e n t t o a s s i g n i n g t h e v a l u e S=1 t o t h e e n t r o p y o f t h e s o l i d .
They have p r e s e n t e d d a t a of t h e i r own, o b t a i n e d by a n a l y s i s of s u p e r n a t a n t s a f t e r u l t r a c e n t r i f u g a t i o n o f g e l s , which tends t o c o n t r a d i c t t h e conclusions of Moffat.
Although our work w i t h mixtures i s s t i l l i n i t s e a r l y s t a g e s , some of o u r experiments seem t o d e f i n i t e l y exclude one p o s s i b i l i t y , t h a t t h e i n c l u s i o n of e i t h e r deoxyHbA o r liganded forms of HbS o r HbA can be due t o t r a p p i n g o f , e-g., deoxyHbA i n deoxyHbS l a t t i c e s .
Thus, experiments have been performed i n which t h e q u a n t i t y of deoxyHbS was only about 0.9 a s g r e a t a s r e q u i r e d f o r t h e i n d u c t i o n of c r y s t a l s under t h e c o n d i t i o n s chosen ( f o r example s e e Figure 1 3 ) . C r y s t a l s were n e v e r t h e l e s s induced t o form by g e n t l e s t i r r i n g when t h e t o t a l c o n c e n t r a t i o n of deoxyHb was r a i s e d by about one-third by adding deoxyHbA.
Smaller amounts of deoxyHbA were without e f f e c t .
When t h e i n i t i a l c o n c e n t r a t i o n of deoxyHbS i s above t h e s o l u b i l i t y a t t h e temperature s t u d i e d , small a d d i t i o n s of deoxyHbA always diminish t h e s o l u b i l i t y , i -e . , i n c r e a s e t h e amount of c r y s t a l s formed, c o n s i s t e n t w i t h t h e e f f e c t g/dl HbA
FIGURE 1 3 . T h e e f f e c t o f i n c r e a s i n g a m o u n t s o f deoxyHbA o n 2 the e x c e s s t u r b i d i t y o b s e r v e d a t 6 3 0 nm b e t w e e n c r y s t a l l i n e s u s p e n s i o n s and s o l u t i o n s o f deoxyHbS. T h e i n i t i a l c o n c e n t r at i o n o f deoxyHbS was i n s u f f i c i e n t t o p r o d u c e c r y s t a l s .
g .lo 
T h e e f f e c t o f deoxyHbA on the excess t u r b i d i t y o b s e r v e d a t 6 3 0 nm b e t w e e n c r y s t a l l i n e s u s p e n s i o n s and HbS s o l u t i o n s p l o t t e d a s a f u n c t i o n o f the r a t i o o f the c o n c e n t r a -" t i o n s HbS t o HbA f o r t w o i n d e p e n d e n t sets o f d a t a . HbS was f i x e d a t 1 2 . 0 g / d l f o r p t s 0 ; 11.4 g / d l f o r p t s X .
described above w i t h s u b s o l u b i l i t y c o n c e n t r a t i o n s of deoxyHbS (Figure 1 4 ) . However, l a r g e r a d d i t i o n s d i m i n i s h t h e c r o p of c r y s t a l s . There i s an optimum c o n c e n t r a t i o n o r c o n c e n t r a t i o n -r a t i o (Figure 1 5 ) f o r e f f e c t i v e n e s s e 4 These r a t i o s must be r e l a t e d t o t h e s t r u c t u r e of t h e c r y s t a l s , probably t h e short-range s t r u c t u r e , i n view of t h e small d i f f e r e n c e s i n f r e e energy
4~h i s i s a l o g i c a l r e q u i r e m e n t if s m a l l a d d i t i o n s r e d u c e the s o l u b i l i t y , since p u r e n o n -g e l l i n g f o r m s h a v e , b y d e f i n it i o n , v e r y h i g h s o l u b i l i t i e s .
between crystals and gels. The analysis is complicated by the fact that the composition, and possibly the crystallographic integrity, vary with the composition of the mother-liquor. Such a system is not easily formulated by the familiar methods of classical solution-theory in which an invariant solid-phase of constant thermodynamic activity greatly simplifies analysis.
Our current program envisages systematic application of three approaches, the first of which (varying deoxyHbA at several fixed values of deoxyHbS) has been partially described above. A second series deals with the substitution of various liganded forms of both HbS and HbA for deoxyHbA. A third series will study mixtures of deoxyHbS and deoxyHbF since HbF , appears to be largely excluded from sickle-cell aggregations unless it is present in the cyanmet form. The question of the effects of hybridization on our results will not arise with cyanmet and NO forms, but may be very troublesome with some other mixtures.
From the work already described, which is very much what the MGC data would lead one to expect, it is clear that there exist much stronger attractive interactions between molecules of deoxy S with most other forms than exist between any pairs of the other molecules whether like or unlike. In the language of solubility deoxyHbS is much less soluble than other forms of hemoglobin but solid solutions w h i c h i n c l u d e predomin a n t l y deoxyHbS approach it in insolubility. Determination of the tolerable limits of non-HbS inclusions in such solid solutions should lead to analyses which will contribute to learning the arrangements of HbS tetramers in gels and crystals.
FIGURE 1 5 . T h e e f f e c t o f i n c r e a s i n g a m o u n t s o f deoxyHbA on the excess t u r b i d i t y o b s e r v e d a t 630 nm b e t w e e n c r y s t a l l i n e s u s p e n s i o n s and homogeneous s o l u t i o n s o f deoxyHbS a t t w o f i x e d c o n c e n t r a t i o n s o f HbS. D e o x y g e n a t i n g e i t h e r b e f o r e or a f t e r m i x i n g p r o d u c e s the same r e s u l t .
